Recently, on-line process analysis based on near-infrared (NIR) spectroscopy has become a popular technology for many chemical and polymer industries.
Optical-fiber NIR spectroscopy has the possibility of allowing direct polymerization analyses, real-time monitoring of physical and/or chemical properties of molten polymers, and the quality control of polymers. Many researchers have been involved in on-line polymer process analyses by optical-fiber NIR spectroscopy, and have produced numerous publications. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [23] [24] [25] [26] [27] [28] [29] [30] [31] For realizing NIR on-line monitoring for molten polymers, further developments have been studied from the standpoints of hardware and software.
Especially, from the software standpoint, robust calibration models, where changes in predicted values from on-line spectra due to various kinds of process disturbances are very small, must be developed. Moreover, it has been expected to develop precise calibration models using sample data and spectra with small size because of savings in costs and labor.
We have started a series of studies to solve some of the abovementioned software problems. [16] [17] [18] [19] [20] [21] [22] In our first study of the series, we investigated the on-line monitoring of the density of linear low density polyethylene (LLDPE) in a real plant by NIR spectroscopy and chemometrics. 16, 17 In a second study, predicting the ethylene (C2) content in melt random and block polypropylene (RPP and BPP) based on the NIR spectra of the molten polymer system was investigated. 18 A third study was concerned with the influence of a change in the sample temperature on predicting the C2 content in the melt state RPP and BPP and its compensation method. 19 In a fourth study, the possibility of improving calibration models for the vinylacetate (VA) concentration in melt-state ethylene-vinylacetate copolymers (EVA) for an on-line monitoring was reported. 20 A fifth study described a practical calibration correction method for an on-line NIR molten polymer system. 21 In a sixth study, 22 variations in the predicted values from the NIR spectra of samples in vials by using a calibration model developed from spectra of samples in vials were investigated, and modified MSC was proposed as a method for the continuous monitoring of the path-length in vials.
The purpose of the present study is to demonstrate the simultaneous prediction of the C2 content and the melt temperature in melt RPP and BPP, and to investigate the effect of a modified MSC to variations in the predicted C2 content in the melt PP from spectra measured at different temperatures from that measured spectra set for the calibration model.
The C2 content measurement in RPP and BPP is one of the most important points concerning the quality control of PP. The on-line monitoring of the C2 content using NIR spectroscopy should save considerable time and cost. At a real plant, the melt temperature of PP is changed from time to time because of a change in the melt flow rate (MFR) of a sample. Therefore, if a calibration model for the C2 contents in RPP or BPP, developed by using a NIR spectra set measured at a particular temperature, can be used to predict the C2 contents in RPP or BPP from spectra measured at different temperatures, it would be very effective for saving both cost and labor. Kawano et al. 32 investigated the influence of a change in sample temperature on This paper reports on a simultaneous prediction method for ethylene (C2) content and the melt temperature in melt state random polypropylene (RPP) and block polypropylene (BPP) by near-infrared (NIR) spectroscopy and chemometrics. The NIR spectra of RPP and BPP in melt states were measured by a FT-NIR on-line monitoring system. The predicted values of the C2 content from the RPP or BPP spectra measured at 190 and 250˚C were investigated using a calibration model for the C2 content developed by using each RPP or BPP spectra set measured at 230˚C. The errors in the predicted values of the C2 content depended on the pretreatment methods for each calibration model. It was found that a multiplicative signal correction (MSC) is very effective to compensate for the influence of the change of the RPP or BPP sample temperature on the predicted C2 content. By using modified MSC, it was demonstrated that simultaneous predictions of the C2 contents and the relative temperature of the melt RPP and BPP from the NIR spectra could be realized.
the predicted values of Brix in peaches, and Abe et al. 33 studied the universality of a calibration with sample temperature compensation of the calibration model for Brix. Barboza and Poppi 34 reported a method of temperature correction by a calibration transfer method using a calibration model for alcohol content. Thomas et al. 8 reported that the variation of the spectra by a change of temperature at molten polystyrene is caused by a variation of the density of the melt polystyrene for a change of the temperature. They also showed that the relationship between the variation of the absorbance of the spectra and the change of temperature is linear. However, there is no literature describing a method for simultaneously predicting the C2 content and the melt temperature in melt polymers by using NIR spectroscopy and chemometrics.
Experimental

Instrumentation
The NIR spectra of PP in a melt state were measured with a FT-NIR on-line monitoring system consisting of a FT-NIR spectrometer equipped with a Transept type interferometer, an electronically cooled InAs detector, and an interferometer controller (Yokogawa/Analect FIR1000), a personal computer, optical fibers, probes with a sapphire window, and a flow-cell. This system was described in detail in our previous paper. 17 The spectra were measured at a spectral resolution of 8 cm -1 , and the path-length of the flow cell was 8 mm. The extruder used was Type RX-20 (Rikua, Yokohama, Japan), and its L/D was 25. The spectra were collected at 190, 230, and 250˚C with 20 rpm being constant.
Polypropylene samples
Nine kinds of RPP, eight kinds of BPP, and one homo PP (HPP) were generous gifts from a chemical company in Tokyo, Japan, and were used as received. HPP is pure PP with no C2 content. The C2 contents of the samples were determined by FT-IR at the chemical company. The C2 contents of all the RPP and BPP samples investigated were HPP, 0%; RPP, 0.44, 2.1, 2.3, 2.8, 3.6, 4.0, 4.2, 4.3, 4.9%; BPP, 4.6, 6.7, 6.8, 7.1, 8.0, 9.4, 10.1, 12.4%. The total numbers of the samples were 18 and each sample was named in ascending order of the C2 content from R1 to R9 (RPP samples), and from B1 to B8 (BPP samples). A HPP sample with 0% C2 content was named as HP. The NIR spectra of the samples R3, R4, R7, R9, B3, B6, and B7 were collected at 190, 230, and 250˚C. The NIR spectra of other samples were measured at only 230˚C only.
Data analysis
The Pirouette software program (Ver. 3.11, Infometrics, USA) was employed for data analysis. The calibration models for predicting the C2 content in PP were developed by using PLS regression. Mean centering was used for all of the calibration models. The baseline correction points used were those at 9040, 7550, 6440, and 4700 cm -1 . The baseline was estimated using a linear fit of the intensities at the four points wavenumbers. Three spectra was taken for each sample, and cross validation was done by removing each block of three spectra one at a time.
Results and Discussion
Band assignment for the NIR spectra of melt state PP and the condition for developing the calibration model
The band assignments for the spectra of melt PP, referring to the assignments for the NIR spectra of RPP and BPP in the melt state reported previously, 18, 19 is depicted in Fig. 1 and Table 1 .
For developing a calibration model, generally, selecting the pretreatment methods and a wavenumber region are very important. For comparing the conditions for the calibration model using a wide wavenumber region, we selected a wavenumber region of 9199 -4705 cm -1 . As pretreatment methods, a baseline correction, a baseline correction and MSC, first derivative, first derivative and MSC (multiplicative signal correction), and first derivative and SNV (standard normal variate) were compared for developing the best calibration models.
In the present paper, each model is named as follows. If the first character is R or B, it means RPP or BPP is in the melt state. The next two or three characters before the hyphen mean the wavenumber region (1ST, 6437 -4705; 2ST, 9199 -7560; AN, 9199 -4705; NR2, 9199 -6441 cm -1 ) and the characters after the hyphen indicate the pretreatment methods used (R, baseline correction; D, first derivative; M, MSC; S, SNV).
Calibration models for the C2 content of RPP and BPP in the melt state at 230˚C and its predicted results from sample spectra measured at 190 and 250˚C
In our previous report, we described calibration models for the C2 content of RPP and BPP in detail. 18, 19 In the present paper, the wavenumber regions and the pretreatment conditions were selected to be the same as in a previous study for developing the calibration models employed for the NIR spectra of the sample 816 ANALYTICAL SCIENCES JULY 2007, VOL. 23 Melt RPP (C2 = 2.1%) Assignment sets measured at different temperatures from that for the calibration sets. 19 NIR spectra of RPP and BPP in the melt state were measured at 230˚C for developing calibration models for their C2 content.
Four wavenumber regions and four pretreatment procedures were selected for building the calibration models and compared. Table 2 compares the results of the calibration models for the C2 content in the melt RPP and BPP. It is noted that the wavenumber region of 9199 -6441 cm -1 after the first derivative and MSC yields relatively better results for both the RPP and BPP calibration models. Because of this, we hereafter mainly analyze the spectra in this region (9199 -6441 cm -1 ).
Figures 2 and 3 depict the results of the calibration models for the C2 contents in the RPP and BPP sample sets (Models: RNR2-DM for RPP, BNR2-DM for BPP in Table 2 ). The spectra of melt RPP or BPP, measured at 190 and 250˚C were employed to predict the C2 contents using the calibration models developed based on the NIR spectra of RPP or BPP sample sets measured at 230˚C. The standard error of the prediction (SEP) in Table 2 shows the prediction results obtained by using the calibration models in Table 2 . It seems that SEP depends largely on the pretreatment methods. Figures 4(a) and (a′) compare the results for the two kinds of calibration models of RPP (RNR2-R and RNR2-DM) developed by using different pretreatment methods. The corresponding comparison for BPP is shown in Figs. 4(b) and (b′) . The results given in Table 2 and Fig. 4 suggest that MSC is the most effective in compensating for changes in the sample temperature between the calibration and prediction sets.
Result of the predicted value of the C2 content and the sample temperature by using modified MSC
The reason why MSC is effective for compensating of predictive value of the C2 content in PP measured at different temperatures, was described precisely in a previous report. 19 In that study, it was revealed that the error of the predicted C2 content estimated from the spectra measured at 190 and 250˚C was caused by a change of the effective path-length, depending on that of the density by the sample temperature change.
On the other hand, the variations in the predicted values from the NIR spectra of samples in vials by using a calibration model developed from the spectra of samples in vials was reported by the same author. 22 In this study, modified MSC using a fixed reference spectrum was proposed to realize long term monitoring with traceability. It was also demonstrated that it 817 ANALYTICAL SCIENCES JULY 2007, VOL. 23 Table 2 PLS calibration models for the C2 content in melt RPP (including HPP) and BPP measured at 230˚C developed by using various pretreatments (baseline correction, first derivative, and MSC) and prediction results for the C2 contents from RPP and BPP spectra measured at 190 and 250˚C by use of the calibration models developed from spectra measured at 230˚C was possible to predict the path-length from the scale coefficient. The above-described two reports suggest that it is possible to estimate the relative sample temperature from the spectrum of the melt PP. The following sections give a formula of the modified MSC and a formula for predicting sample temperature.
Modified multiplicative signal correction
The modified MSC is expressed by the following formula:
Here, SMMSC(wn) is the spectrum after modified MSC, Sr(wn) is the raw spectrum, mof is an off set correction coefficient to the reference spectrum of a sample, msc is a scale or path-length correction coefficient to the reference spectrum of a sample, and wn is the wavenumber. mof and msc are calculated from the ratio between each spectrum in a sample set and the reference spectrum of a sample. Of particular note is that mof and msc are different from normal MSC, and the reference spectrum is fixed, even though the number of samples increased or decreased for improving the calibration model. It is very convenient to conduct process or quality control to fix the reference spectrum, because continuity is very important for both process and quality control. From a previous study, 22 if one can select the wavenumber
Here, d′ means an effective path-length of each sample, and dref means the path-length of a reference sample. If the change in the effective path-length is a linear relationship with a change of the sample temperature, the sample temperature can be calculated from the change of the effective path-length. The relationship between the temperature and the path-length is express as
Here, Tref is a reference temperature (in the present report, Tref = 230˚C), and ΔT is the change from the reference temperature. Figures 5(a) , (b), and Table 3 show the result of a calibration model using a modified MSC. Wavenumber regions (RPP, 9199 -8338, 8026 -7285, 6961 -6098, 5134 -5017, 4859 -4701 cm -1 ; BPP, 9199 -8412, 8111 -7386, 7011 -6093, 4825 -4701 cm -1 ) were calculated the scale factor for the modified MSC. Since the offset correction coefficients calculated from the modified MSC were less than 0.001, the offset coefficients were ignored in the present study. It can be estimated that the
ANALYTICAL SCIENCES JULY 2007, VOL. 23 Fig. 4 (a) Prediction results of the C2 content of melt RPP spectra measured at 190 (F) and 250˚C (f) using a PLS calibration model developed by using nine melt RPP and one HPP spectra measured at 230˚C (A) (calibration model, RNR2-R and RNR2-DM; see Table 2 ). (b) Prediction results of the C2 content of the melt BPP spectra measured at 190 (F) and 250˚C (f) using a PLS calibration model developed by using eight BPP measured at 230˚C (A) (calibration model, BNR2-R and BNR2-DM; see Table 2 ).
reason for negligibly small offset coefficients was caused by the above-described four-points baseline correction before the modified MSC. It can be seen from the result of SEP in Table 3 that the results of the calibration model using the modified MSC are slightly better than those using the normal MSC. Figure 6 depicts the results of simultaneous predictions for C2 contents and the sample temperature. A reference spectrum for the modified MSC was introduced from the average spectrum of one sample in each sample set (RPP, R3 (C2 = 2.3%); BPP, B3 (C2 = 6.8%)). Each reference temperature of RPP and BPP was 230˚C set at the temperature controller. From the result of the calculation result of the scale coefficient for the spectra measured at 190˚C, the temperature coefficients of the effective path-length were obtained (RPP, -0.085; BPP, -0.073%/˚C), respectively. The sample temperatures of RPP and BPP in Figs.  6(a) and (b) were estimated from the change of the effective path-length in each sample at 190, 230, and 250˚C using the coefficient of the effective path-length. It can be estimated that the predicted temperature from the on-line spectra measured from the melt RPP and BPP have a good correlation (RPP, 0.988; BPP, 0.969) with the set point of the temperature controller. The variation of the predicted temperature shown in Figs. 6(a) and (b) may have been caused by a change of the density in each sample.
From the result of the prediction (Table 3) and Fig. 6 , it is suggested that temperature compensation by using the modified MSC is not sufficient to predict the C2 content of the B3 and B7 samples in the melt BPP from spectra measured at different temperatures from that at the development of the calibration model.
For investigating the cause for the error in predicting the C2 content in BPP, an analysis using difference spectra was 819 ANALYTICAL SCIENCES JULY 2007, VOL. 23 Fig. 5 (a) Prediction results of the C2 content of melt RPP spectra measured at 190 (F) and 250˚C (f) using a PLS calibration model with a modified MSC pretreatment developed by using nine melt RPP and one HPP spectra measured at 230˚C (A) (calibration model: RNR2-MMD, see Table 3 ). (b) Prediction results of the C2 content of melt BPP spectra measured at 190 (F) and 250˚C (f) using a PLS calibration model with a modified MSC pretreatment developed by using eight BPP spectra measured at 230˚C (A) (calibration model: BNR2-MMD, see Table 3 ). Fig. 6 (a) Results of the simultaneous prediction for the C2 contents and the sample temperature from the melt RPP spectra measured at 190, 230 and 250˚C using a PLS calibration model with modified MSC pretreatment developed by using nine melt RPP and one HPP spectra measured at 230˚C. (b) Results of simultaneous predictions for the C2 contents and the sample temperature from the melt BPP spectra measured at 190, 230 and 250˚C using a PLS calibration model with the modified MSC pretreatment developed by using eight melt BPP spectra measured at 230˚C.
executed between the raw spectra after a baseline correction of RPP and BPP measured at 230˚C, and the spectra transferred by using the modified MSC from the spectra measured at 190 and 250˚C to the spectra measured at 230˚C. The results of the analyses using difference spectra are shown in Figs. 7(a) and (b). It can be seen that the transferred spectra of BPP from the spectra measured at 190 and 250˚C are similar to the spectra measured at 230˚C. On the other hand, the transferred spectra of BPP from the spectra measured at 190 and 250˚C have some peaks in the difference spectra between the transferred spectra of BPP and raw spectra after a baseline correction measured at 230˚C. Figure 7 (b) suggests that there are some non-linear changes in spectra BPP due to a change of the melt temperature. This is because the modified MSC is a linear compensation method for the same spectrum as MSC from formula of (1). The peaks (8219, 7166, and 7069 cm -1 ) of the difference spectra shown in Fig. 7(b) are attributed to be second stretch CH2 groups, and a combination of CH stretch and CH def. (CH2); also, it can be considered that some of BPP may have a nonlinear temperature coefficient of density due to CH2 groups due to a change in the melt temperature.
SNV is another frequently used method for a path-length correction. 22 To improve the predictive value of the C2 content in the melt BPP, the other calibration models by using the SNV pretreatment were developed from the BPP spectra set measured at 230˚C, and employed to predict the C2 content in the melt BPP from the spectra measured at 190 and 250˚C. Table 4 indicates the calibration model and the prediction results by using the calibration models with SNV. Obviously the prediction results of the C2 content in BPP are similar to that of the C2 content in BPP using the calibration model developed by using MSC. Table 4 also shows a calibration model of BPP developed by using of the spectra measured at 190, 230, 250˚C. In this case, only cross validations were made for evaluating the model, because all spectra were used for developing calibration model. It can be suggested that the calibration model developing from many sample spectra measured at different temperatures may realize robust to a temperature change, though the calibration model with high accuracy may not always have a good SECV or SEP.
Conclusions
The followings are the conclusions in the present study. 1) It is possible to simultaneously estimate the sample temperature and the C2 predictive values from the same spectrum measured from the melt PP. 2) The modified MSC used in the present study is effective not only for compensating the linear error affected to the scale factor, but also for estimating the sample temperature.
3) It can be considered that some of the BPPs may have nonlinear temperature coefficient of their density change. Fig. 7 (a) Comparison with two difference spectra of the melt RPP with the C2 content, 2.3% (R3), between without the modified MSC (MMSC) and with MMSC. A1, Spectrum at 190˚C-spectrum at 230˚C without MMSC; A2, spectrum at 250˚C-spectrum at 230˚C without MMSC; B1, spectrum at 190˚C-spectrum at 230˚C with MMSC; B2, spectrum at 250˚C-spectrum at 230˚C with MMSC. (b) Comparison with two difference spectra of the melt RPP with the C2 content, 2.3% (B3), between without the modified MSC (MMSC) and with MMSC. C1, spectrum at 190˚C-spectrum at 230˚C without MMSC; C2, spectrum at 250˚C-spectrum at 230˚C without MMSC; D1, spectrum at 190˚C-spectrum at 230˚C with MMSC; D2, spectrum at 250˚C-spectrum at 230˚C with MMSC.
